The adaptability and computational load of blended energy management strategy of plug-in hybrid electric vehicles (PHEV) based on optimization algorithm limit its wide application. In this paper, a blended energy management strategy of PHEV based on the influences of driving cycles is proposed to improve fuel economy. This strategy first uses dynamic programming to analyze the influence of driving cycles and driving distance on optimal control, and formulates real-time control rules based on genetic algorithm optimization. Then different driving cycles is globally optimized, optimal control strategies under different driving distance coefficients is extracted and the strategy in real time according to the acquired information is adjusted. The simulation results show that the proposed strategy can effectively ensure the adaptability and real-time performance of PHEV, and the fuel economy is 11.37%~14.8% higher than the CD-CS strategy under different SOC initial values.
Introduction
The energy management strategy of PHEV can be divided into CD-CS mode and blended control strategy according to the SOC curve [1] . In CD mode, the vehicle is mainly driven by the motor and the engine is only started when power required exceeds the peak power of the motor. After entering the CS mode, the engine is primarily employed and the motor is to make the engine work in the economic range. The CD-CS strategy has good real-time performance and is now widely used [2] .The blended control strategy makes electrical energy applied evenly throughout the driving, and the SOC reaches its lower limit at the end. The blended strategy has significant fuel economy improvement, but is difficult to control in real time [3] . Therefore, in order to improve the fuel economy of the PHEVs, the adaptability to different driving cycles and real-time performance of the blended strategy need to be solved.
Considering the real-time problem, Jiankun Peng et al. [4] used the results optimized by dynamic programming to modify the rule-based energy management strategy, and Hamid Khayyam et al. [5] developed an intelligent control strategy using fuzzy neural networks to achieve near-optimal real-time control. Regarding the adaptability problem of PHEVs caused by the real-time control strategy which is difficult to achieve optimal fuel economy under different driving cycles, related researches are addressed by identifying current driving cycles and predicting future driving cycles [6~9] . Since the driving cycles and driving distance will affect the optimal control strategy of PHEVs, it is necessary to fully consider the impact of the two on the optimal control strategy when improving the adaptability problem of PHEVs.
This paper proposes a blended strategy which can realize real-time control of PHEVs and obtain nearglobal optimal fuel economy in different driving cycles. Firstly, the optimal control strategy under different driving cycles and driving distance is established by using dynamic programming algorithm. On this basis, the real-time control strategy is proposed. The simulation results show that the proposed strategy has good fuel economy under different driving cycles, and the control performance compared to traditional CD-CS control is significantly improved, which effectively solves the adaptability and real-time problem. The control strategy ensures the real-time and driving cycle adaptability of the PHEV's control strategy, and significantly improves the fuel economy of the PHEV compared to the traditional CD-CS control strategy.
Global optimal energy management strategy for PHEV
This section presents the powertrain configuration and constructs global optimal energy management strategy of the PHEV based on dynamic programming algorithm.
Powertrain system of the PHEV
The PHEV studied in this paper has a parallel configuration as shown in Figure 1 . The engine and the integrated starter generator (ISG) are coaxially arranged to achieve dynamic coupling. Furthermore, a dual-clutch transmission (DCT) is used to change the speed and torque. The PHEV has five working modes including the driving and charging mode, the engine-driving mode, the electric-driving mode, the hybrid-driving mode, and the regenerative-braking mode. Table 1 gives the basic parameters of the PHEV. 
Global optimization based on Dynamic programming
The dynamic programming first needs to determine the parameters of state, control variables and discrete precision. This paper takes energy cost as the optimization objective function and set frequent shifting as the penalty cost. On the basis, the global optimal energy management strategy can be solved shown as follows (1)Dynamic programming algorithm parameter setting In this paper, the driving process is discretized by time t, and the driving cycle is divided into N stages. In order to guarantee the optimization effect of dynamic programming, the engine torque, the speed ratio of DCT are set as the system control variables. The variable parameters and discrete precision are shown in Table 2 , and Tall is the driving time (unit: s) of the driving cycle. 
where J is the total cost of the optimization process, L is the instantaneous cost of each state, N is the number of stages, k x is the system state of the k phase, and k u is the control decision of the k phase. The goal of the optimization problem is to improve fuel economy while ensuring that the DCT does not operate unreasonably with frequent shifts. Therefore, the instantaneous cost can be composed of the vehicle driving cost and the gear limit penalty:
Where c L is the instantaneous cost of energy consumption; g L is the instantaneous cost of gear limit; (3)Dynamic programming During dynamic programming, the optimization process is divided into a series of single-step optimization problems according to the stage division. In the reverse solution process, the solution in the N-1 stage is expressed as follow:
The solution problem in the k stage is expressed as follow, where 0 <= k < N-1.
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THE INFLUENCES OF DRIVING CYCLES ON THE OPTIMAL CONTROL
Driving cycle is one of the key factors considered in the development of the optimal control strategy including driving cycle type and driving distance. Both of them will affect the optimal control, resulting in adaptability issues.
Driving cycle characteristics
According to the clustering analysis, the driving cycles, can be divided into four types under different average speeds and congestion conditions as shown in Figure 2 . 
Figure 2 Typical driving cycles
In order to study the influence of driving distance on the optimal control, we propose a new parameter to express the characteristics of driving distance. For the same driving distance, the control strategies to be adopted in different SOC values are also different. In order to comprehensively characterize the driving distance of the PHEV in the current state of charge, the SOC value and the driving distance are used to calculate the equivalent driving distance coefficient equ L :
Where rem L is the remaining driving distance; max L is the maximum driving distance in electric-driving mode; rem SOC is the SOC change interval of the current remaining charge; all SOC is the total change interval of SOC;
t SOC is the current time SOC value; max SOC is the SOC upper limit, taken as 0.9; min SOC is the lower limit, taken as 0.3. As equ L decreases, the engine needs more participation in driving to make the SOC drop to the lower limit at the end point.
Basic PHEV control rules selection
Reasonable control of the engine's participation can make full use of the motor to drive the vehicle. The engine start control strategy is one of the key control strategies of PHEVs [1] . The transmission ratio and the engine torque distribution ratio can effectively adjust the operating state of the PHEV's power source, so that the engine and the motor work in an efficient area.
Therefore, the engine starting power Pon, the transmission ratio iDCT, and the engine torque distribution ratio TSR are selected as the basic control rules for the analysis. Among them, Pon is the power demand of the whole vehicle when the engine starts; the iDCT is the shift schedule which is divided into electricdriving mode and engine-starting mode including hybriddriving mode, engine-driving mode and driving and charging mode; TSR is the ratio between the engine output torque and the required torque of power source.
Optimal basic control rules based on dynamic programming
The global optimal solution of the dynamic programming is adopted under four driving cycle types as shown in Figure 2 , and the driving mileage of the test is increased when the engine participates in vehicle driving.
By applying the equivalent travel distance coefficient matrix and the optimal control decision matrix, the optimal control at different coefficients for each stage can be extracted. In the kth stage, the extraction steps are illustrated in Figure3. 
Results analysis
To analyze the optimal control of the PHEV under the influence of different driving cycles and different driving distance, the optimal control of the four types of driving Paper ID: ICEIV2018-100 cycles with equivalent travel distance coefficients of 0.05, 0.35, 0.65, and 0.95 is extracted and compared.
(1)The influences of driving cycles on engine starting power According to the simulation, the vehicle power demand can be used as the control decision for starting and stopping the engine. As the Lequ decreases, the starting power of the engine gradually goes down. The engine starting power of the first type is the lowest; the second type is similar to the third type and are relatively low; the fourth type is relatively high.
(2) The influence of driving cycles on shift schedule In electric-driving mode, the shift schedules of the four types under the different coefficients are the same. In engine-starting mode, the shift schedules of the first three types are the same under the same coefficient, while the fourth type is changed. With the increase of the Lequ, the shifting schedule extracted when Lequ is 0.05 does not match the distribution of the speed ratio. The shifting schedule of the engine-starting mode is not only affected by the type of driving cycles, but also by the equivalent driving distance coefficient.
(3)The influence of driving cycle on torque distribution ratio of the engine According to the results, the optimal torque distribution ratio of the engine is in the vicinity of the same fitting curve, and does not change significantly with the change of Lequ. However, there is a big difference in the curve under different types of driving cycles. So the type of driving cycles will affect the optimal engine torque distribution ratio.
Dynamic programming based blended energy management strategy
On the basis of clarifying the influence of driving cycles and driving distance on optimal control, combined with driving cycle identification and GPS/GIS system, a blended energy management strategy of PHEV based on the influences of driving cycles is proposed, as shown in Figure 4 . 
Access to the real time driving condition
The driving information needs to be acquired includes the driving cycle type and the equivalent driving distance coefficient. According to the mileage information obtained by the GPS/GIS system and the estimated mileage of electric-driving mode [10] , the Lequ can be calculated by formula (7)~(9). In previous research, Kmeans clustering based on genetic algorithm is used to recognize driving cycle type.
Real time control strategy based on driving cycle
According to the analysis results in Section 3.4, a realtime control strategy of engine starting decision, transmission ratio, and engine torque ratio based on driving cycles are established respectively.
(1)Engine starting decision Pon. According to the research results, the driving cycle type and the driving distance will affect Pon. The engine starting power fitted by cubic interpolation and optimized by genetic algorithm under different coefficients is obtained, as shown in Figure5. A detailed introduction to the genetic algorithm can be found in the previous research results of the author [11] . schedule can make the engine work in the high efficiency range. According to the research results, the driving cycle type and the driving distance do not affect shift schedule of electric-driving mode but will affect the optimal shifting schedule of engine-starting mode.
In electric-driving mode, the shift schedule demonstrated in 3.4(2) is used. In engine-starting mode, two types of shift schedules can be extracted in different driving cycle types, and the corresponding type will be selected according to the driving cycle recognition result. For each type, 10 sub-shift schedules are extracted at equal intervals between the equivalent driving distance coefficient 0.05 and 0.95.
(3)Engine torque distribution ratio TSR. According to the research results, only the type of driving cycles will affect the optimal TSR. Therefore, the TSR curve obtained by fitting according to 3.4(3) can be used for real-time control of the PHEV according to the driving cycle recognition result.
Finally, according to the established real-time control rules, a blended real-time energy management strategy of PHEV based on the influence of driving cycle can be obtained. The control flow is shown in Figure6. 
Simulation and analysis
In order to verify the effectiveness of the control strategy, the comprehensive driving cycle is combined with the measured driving cycles and the standard driving cycles in the Advisor. On the MATLAB/Simulink platform, the dynamic programming algorithm, the proposed strategy and the traditional CD-CS mode control strategy are used for simulation analysis.
The comprehensive driving cycle and the driving cycle recognition result obtained by the K-means clustering algorithm are shown in Figure7. It can be seen that the comprehensive driving cycle includes four different types of driving cycles, which can be used to verify the adaptability of the proposed strategy. The simulation analysis is carried out in comprehensive driving cycle, and the driving energy costs under different initial SOC values are represented in Table 3 . When the initial SOC value distribution is 0.4~0.8, the fuel economy employing the dynamic programming algorithm can be improved y by 14.3%~18%, while the proposed strategy improves the fuel economy between the range of 11.37% and 14.8% compared to the CD-CS control strategy. The simulation results show that the proposed strategy can achieve good fuel economy under the comprehensive driving cycle and different equivalent driving distance coefficients, and can realize the global optimal control strategy of approximate dynamic programming, and improve the adaptability of the PHEV. Take the case of initial SOC value=0.6 as an example, three control strategies are separately counted to simulate the calculation time on a laptop equipped with an i5 processor. The calculation time of CD-CS strategy is 2.39s, which of the proposed strategy is 3.55s, and dynamic programming takes 493.27s. It can be seen that the simulation time of the proposed strategy is similar to that of the CD-CS strategy, and the calculation load has the same size, which can guarantee the realtime performance of the control strategy well. Figure 8 shows the simulation results of the SOC under three control strategies. The proposed strategy can uniformly use electric energy according to the driving distance, and make the SOC to the lower limit at the end. It drops fast in the red circle to avoid entering CS mode, and the SOC falling speed is similar to the dynamic programming in the rest of the time, indicating that the two strategies can achieve similar effect of the global optimal control strategy. As is seen in Figure 9 , the engine operating point of the proposed strategy can be well distributed near the high efficiency range, while the operating point of the CD-CS strategy is distributed in the inefficient interval, which indicates that the fitted engine torque distribution ratio curve and the shift schedule can reasonably control the engine torque and speed under different driving cycles, so that the engine works in the high efficiency range. 
Conclusions
This paper proposes a blended real-time energy management strategy of PHEV based on the influence of driving cycles. The strategy formulates the control strategies that can be used for real-time control according to the dynamic optimization global optimization result, and uses the driving cycle recognition algorithm to combine the current driving cycle type and driving distance information acquired by the GPS/GIS system to adjust the control strategy in real time. The control strategy ensures the real-time and driving cycle adaptability of the PHEV's control strategy, and significantly improves the fuel economy of the PHEV compared to the traditional CD-CS control strategy.
(1) Using the dynamic programming algorithm to optimize the energy management strategy for four typical driving cycles, and obtain the global optimal control strategy.
(2) Taking the driving cycle type and the equivalent driving distance coefficient as the characteristics of the driving cycle, the optimal control strategy under the influence of the two characteristics is extracted and analyzed according to the global optimization result.
(3) A blended real-time control strategy of PHEV based on driving cycles is established, and K-means clustering algorithm is used to realize the recognition of driving cycles. The real-time equivalent travel distance coefficient of the PHEV is calculated by the mileage information, and finally the control strategy is adjusted in real time according to the driving cycle and the driving distance.
(4) The simulation results show that the fuel economy of the proposed strategy is 11.37%-14.8% higher than the CD-CS strategy, which is close to the global optimal fuel economy of dynamic programming. The calculation time of the proposed strategy is only 1.16s longer than CD-CS strategy. The fuel economy of PHEV is effectively improved with the adaptability of driving cycles and real-time control.
